Debye rings obtained by synchrotron X-ray diffraction were analyzed for investigating structural changes caused by stress-induced martensitic transformation and reverse transformation of a polycrystalline austenitic Fe-Mn-Si shape memory alloy. The chemical composition of the shape memory alloy was Fe-28 mass%Mn-6 mass%Si-5 mass%Cr. The results showed that a part of the austenitic phase was transformed to a martensitic " phase by room-temperature tensile deformation, and the " phase was reversely transformed by subsequent heating. Diffraction intensities in Debye rings changed non-uniformly on tensile deformation and heating, indicating that occurrences of the stressinduced and reverse transformation depend on the crystallographic orientations of grains with respect to the tensile direction. The optimum recovery strain induced by the reverse transformation was obtained for a sample deformed by about 10% tensile strain, which was consistent with the structural changes caused by the reverse transformation. X-ray diffraction lines were shown to be broadened by tensile strain. This indicated that irreversible deformation due to dislocations restricted the reverse transformation, leading to the optimum recovery strain.
Introduction
The shape memory effect in Fe-Mn-Si austenitic alloys of high manganese content occurs by the reverse transformation of the martensitic phase formed by stress-induced transformation. [1] [2] [3] It is considered that the austenitic phase of the face-centered cubic (fcc) structure is transformed to a martensitic " phase of the hexagonal-closed packed (hcp) structure during deformation at about room temperature, while the reverse transformation of the " phase occurs by heating up to about 700 K. In order to improve the corrosion resistance of Fe-Mn-Si-based shape memory alloys, several percents of chromium were added to the alloys. 4) It has also been shown that precipitates such as carbides or nitrides increase the recovery strain in polycrystalline Fe-Mn-Si alloys. [5] [6] [7] [8] [9] [10] These alloys can be utilized as practical structural and functional materials, 4) since they do not contain precious alloying elements.
In order to understand the deformation mechanism of FeMn-Si shape memory alloys, in which the stress-induced transformation of the austenitic matrix phase to an martensitic " phase occurs, their mechanical properties [11] [12] [13] and microstructures [14] [15] [16] were investigated. In those studies, the crystallographic orientations of the matrix phase and " phase have been studied using transmission electron microscopy and scanning electron microscopy with electron backscattered diffraction, and a model was discussed in order to explain the to " phase transformation. The results showed microscopic morphology of the martensitic " phase. Furthermore, an overall formation and disappearance of these phases by the stress-induced transformation and reverse transformation of the alloys are important for the shape memory effect, the relationship between the recovery strain and the phase transformation in polycrystalline Fe-Mn-Si alloys deformed by 10% tension has been investigated using stereographic analyses by Debye rings recently.
17 ) The results showed that the transformation preferentially takes place in grains with large Schmid factors for the shear of [-211](111) in the fcc structure of the matrix, while the formation of the hcp structure also depends on the orientation of grains.
Thus, the -" (fcc-hcp) phase transformation in polycrystalline Fe-Mn-Si alloys occurs in a large number of grains with different crystallographic orientations and depends on the deformation strain and subsequent heating. Therefore, diffraction analyses using two-dimensional Debye rings are very useful for obtaining information from the overall structural changes in polycrystalline Fe-Mn-Si alloys. In this work, high-energy monochromated X-ray diffraction measurements were performed using synchrotron radiation, in order to clarify systematic structural changes in Fe-Si-Mn alloys deformed by different tensile strains at room temperature and subsequently recovered by heating.
Experimental
Sheets of an Fe-Mn-Si shape memory alloy were prepared following a previous study.
18 ) The chemical composition of the shape memory alloy was Fe-27.8 mass%Mn-5.97 mass%Si-4.93 mass%Cr, which is similar to that of an alloy used in the previous study, and its grain size was 30 mm. It is hereafter referred to as Fe-Mn-Si. The sheets did not have a strongly textured microstructure, as shown in a previous study. 17) They were annealed at 1027 K for 1800 s in order to obtain a recrystallized microstructure. Then, they were cut in the shape of samples with a gauge size of 0:3 mm Â 2:0 mm Â 10 mm. The samples were subjected to a unidirectional tensile test at room temperature in which the tensile stress was applied along the rolling direction of the sheets at a strain rate of 1 Â 10 À4 s À1 . They were deformed by different amounts of tensile strain; then, their recovery treatment was performed by heating them at 673 K for 600 s under Ar-10%H 2 gas. The recovery strain was evaluated by measuring the positions of four marks indented by a microVickers test machine; the initial distance between the marks was 1 mm.
X-ray diffraction measurements of the Fe-Mn-Si samples were carried out using high-energy (30 keV, i.e., 0.04127 nm) synchrotron radiation in BL19B2 beam line of in order to analyze the structural changes in a large number of grains.
17) The Debye rings produced by X-ray diffraction were recorded on image plates by using the Deby-Scherrer method; the camera length was 210 mm. The distribution of the diffraction intensities in Debye rings were three-dimensionally displayed using Fit2d released by ESRF (European Synchrotron Radiation Facility) for comparing the deformation-and heat-induced structural changes in the polycrystalline Fe-Mn-Si alloy samples.
Results and Discussion

Stress-strain curve and recovery strain
Figure 1(a) shows the stress-strain curve of a sample subjected to a tensile test until it fractured. The recovery strains of the samples deformed by different amounts of tensile strain, up to the maximum tensile strain of 30%, were measured after heating them at 673 K. The recovery strain is plotted as a function of tensile strain as shown in Fig. 1(b) , where error bars in the recovery strain are also plotted. The maximum recovery strain, about 2%, was obtained for a sample deformed by a tensile strain of about 10%. In order to study the structural changes in these samples by different strains, the stress-induced phase transformation in the samples deformed by 6, 10, 20 and 30%, which are denoted as the arrows in Fig. 1(a) , and the reverse transformation by subsequent heating were investigated using measurements of Debye rings.
3.2 Stress-induced transformation by tensile deformation Figures 2(a), 2(b), 2(c) and 2(d) show the Debye rings for samples deformed by 6, 10, 20, and 30%, respectively. In order to observe the distribution of intensities of diffracted X-ray, the rings were three-dimensionally (3D) displayed where diffracted intensities were shown in the z-axis, and one forth of the whole rings was shown in each display since the ring is two-symmetrical. Diffraction patterns assigned to fcc{111} (2 ¼ 5: . These results indicate that Fe-Mn-Si deformed by 6% predominantly reveals the fcc matrix structure with almost randomly distributed polycrystalline grains. However, a part of a diffraction ring assigned to hcp {101} nearly parallel to the tensile direction increased by 6% deformation. In contrast to this result, the fcc {220} diffraction intensities nearly to the tensile direction decreased by deformation. This suggests that the stress-induced martensitic transformation occurred in grains with specific orientations in polycrystalline Fe-Mn-Si to tensile direction.
It should be noted that with increasing tensile strain, the diffraction intensities of the Debye rings produced by the matrix phase gradually decreased, while those of the Debye rings produced by the grains having specific orientations with respect to the tensile direction remained unchanged. This result indicates that some texture was formed by tensile deformation, while the amount of the phase decreased. On the other hand, it was found that the intensities of the hcp {101} diffraction increased with increasing deformation, and an area of high diffraction intensities extended to the whole ring up to 30% deformation.
Reverse transformation by heating
Three-dimensional displays of the Debye rings obtained by X-ray diffraction from the samples heated at 673 K after 6, 10, 20 and 30% tensile deformation are shown in Figs. 3(a) , 3(b), 3(c), and 3(d), respectively. Figure 3(b) is the same as the data of Fig. 5(b) in reference 17) . These results show that the hcp{101} diffraction intensities of the rings decreased on heating the samples deformed by 6 and 10%, in which the " phases formed by stress-induced martensitic transformation considerably decreased. This is obviously consistent with the results of the recovery strain, as shown in Fig. 1(b) . However, it should be noted that in some parts of the ring, the hcp{101} diffraction intensities were not sufficiently reduced in the samples deformed by 20% and 30% (Figs. 3(c) and  3(d) ), although the reverse transformation was somewhat observed. This implies that the reverse transformation was incomplete in the severely deformed samples, and the reason for the small recovery strain was considered to be the irreversible strain due to dislocations during large tensile deformation. the recovery strain of a sample heated after deformed by a tensile strain. Debye rings for the samples deformed by 6, 10, 20 and 30%, which are denoted as arrows in the stress-strain curve, were measured in this work.
In order to compare changes in the intensities of other diffraction peaks by deformation and heating, three-dimensional Debye rings of the diffraction patterns of the sample deformed up to 6% and the sample subsequently heated at 673 K are shown in Figs. 4(a) and 4(b) , respectively. These results show that the hcp{102} and {103} diffraction peaks in the rings almost disappeared by heating. On the other hand, three-dimensional Debye rings for the sample deformed up to 20% and the sample subsequently heated at 673 K are shown in Figs. 4(c) and 4(d), respectively. Although the intensities of hcp{102} and {103} diffractions slightly decreased by heating, they remained. These results on diffraction patterns for the severely deformed samples were also consistent with the results on the recovery strain as shown in Fig. 1(b) . Thus, it was shown that X-ray diffraction intensities in the Debye rings of the polycrystalline alloy subjected to tensile deformation and heating are associated with the degree of the stress-induced transformation and the reverse transformation, but the intensities depend on the crystallographic orientations of polycrystalline grains with respect to the stress direction. Further, it is likely to be useful to study the line broadening of X-ray diffraction peaks in this work, since the line broadening is known to be closely correlated with the plastic deformation due to dislocations. [19] [20] [21] 3.4 Influence of irreversible strain on recovery strain Figure 5 shows the full width at half maximum (FWHM) of the diffraction peaks of fcc{111} and hcp{101} for the samples that were deformed by different tensile strains and subsequently heated. The diffraction patters for the FWHM measurements were typically obtained from patterns tilted by 45 with respect to the tensile direction. The results show that the FWHM values of fcc{111} increased with tensile strain and slightly decreased by subsequent heating. This indicates that the lattice distortion due to dislocations increased with deformation and was significant for deformation exceeding 10%. This obviously corresponds to a decrease in the recovery strain in severely deformed samples, as shown in Fig. 1(b) . The results also suggest that a part of the distortion formed in the fcc matrix during tensile deformation was relieved by heating. On the other hand, the FWHM values of hcp{101} diffraction patterns decreased with tensile strain and increased by subsequent heating, although these diffractions were not detected in the samples deformed by a small strain. This indicates that the hcp structure in the " phase is more or less distorted in the small tensile strain, since it may be constrained in the fcc matrix. However, the less-distorted " phase seemed to be extended, as the strain increased. In addition, an increase in the FWHM value of hcp{101} by heating, which corresponds to the decrease in the increase in the FWHM values of fcc{111}, suggests the reduction of the less-distorted " phase.
On the basis of the above results, a simple model may be proposed for explaining the appearance of an optimum recovery strain as shown in Fig. 1(b) , although the microstructure of deformed samples was hardly clarified using electron back scattering diffraction. 18) Figures 6(a) and 6(b) illustrate microstructural changes in Fe-Mn-Si deformed by 10% and in Fe-Mn-Si heated subsequently, respectively. The planar " phases and slip deformation bands are considered to be evolved during deformation. Then, the " phases (blue lines) by stress-induced transformation are preferentially formed in grains surrounding red lines, whose orientation to the tensile direction is nearly [144] orientation having a relatively large Schimid factor for the -" (fcc/hcp) martensitic transformation. 1, 2, 17) However, the deformation microstructure (yellow lines) in polycrystalline grains due to irreversible slip is simultaneously formed during tensile test. Most of the " phases can disappear when Fe-Mn-Si deformed by small strain was heated, as shown as blue broken lines in Fig. 6(b) , although the deformation microstructure by irreversible slip still remains. This model appears to be simplified because of complication of the microstructure of deformed samples, but it may fairly explain the present results obtained by diffraction measurements.
On the other hand, the microstructure of Fe-Mn-Si deformed over 20% and Fe-Mn-Si heated subsequently are show in Figs. 6(c) and 6(d), respectively. The amount of the " phase (blue bands) is increased by the severe deformation, whereas the deformation microstructure (yellow bands) by irreversible slip is more increased. As a result, even if the reverse transformation occurs in deformed Fe-Mn-Si by heating, the irreversible deformation appears to restrict or freeze the occurrence of the reverse transformation. As the practical microstructures are composed of a large number of grains with different orientations and the matrix and martensitc microstructures are distorted by plastic deformation, it seems to difficult to discriminate the microstructural components in polycrystalline alloys quantitatively. Although the present model may be simplified, it is likely to fairly explain the experimental results obtained from Debye rings measured by X-ray diffraction.
Finally, in the overall plastic deformation as shown in Fig. 1(a) , it should be remarked that the flow stress for stressinduced martensitic transformation is slightly lower than that for irreversible slip deformation by dislocations, which occurs together with the stress-induced transformation during tensile deformation. It is considered that a relatively large recovery strain is likely to be obtained in samples deformed by unidirectional tensile stress, since irreversible slip deformation induced by a multi-stress mode may suppress the reverse transformation in polycrystalline alloys. Actually, the shape recovery strain in a polycrystalline Fe-Mn-Si shape memory alloy which was subjected to unidirectional and bidirectional stretching has been investigated, in order to investigate the effect of deformation mode on the stressinduced martensitic transformation. 22) The results showed that the degree of shape recovery strain in the sample subjected to bidirectional deformation was smaller than those in the samples subjected to unidirectional deformation. Thus, the above discussion about the effect of deformation mode on the recovery strain is likely to be consistent with these experimental results.
Conclusions
The X-ray diffraction method using synchrotron radiation was employed for analyzing structural changes caused by the stress-induced martensitic transformation and the reverse transformation in an Fe-Mn-Si shape memory alloy deformed by different tensile strains. The Debye rings obtained by Xray diffraction clearly showed that the matrix was transformed to a martensitic " phase in this alloy by tensile deformation, and the reverse transformation of the " phase to the matrix took place by heating. The measurements of the recovery strain induced by heating showed that the optimum recovery strain by the reverse transformation was obtained for a sample deformed by about 10% tensile strain. The structural changes associated with the reverse transformations were also analyzed in samples deformed by different amounts of strain. The results showed that the reverse transformation of " to phase was closely correlated with the results on the recovery strain. In addition, FWHM values in diffraction peaks were obtained to evaluate irreversible slip deformation due to dislocations. The results indicate that the lattice distortion due to dislocations increased with tensile deformation, implying that the dislocations suppress the reverse transformation in polycrystalline samples.
